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Thermal Effects on Modal Properties of Dual-Core
Yb-Doped Fibers
Federica Poli, Member, IEEE, Jesper Lægsgaard, Annamaria Cucinotta, Member, IEEE,
and Stefano Selleri, Senior Member, IEEE
Abstract—The impact of thermo-optic refractive-index changes
arising from the core heat load in a dual-core fiber amplifier
is studied through finite-element based numerical simulations.
Trends in coupling lengths, effective area, core overlaps of
fundamental and higher-order supermodes, effects of asymmetric
heat loads, and thermo-optic mode coupling parameters are
quantified. It is concluded that the coupling between cores is
only moderately altered by the overall heat load, but can be
strongly sensitive to asymmetric loads. The influence of the core
coupling strength is demonstrated to be very important on the
supermode effective area, besides the shrinking due to thermal
effects. While the thermo-optic index perturbations can lead
to guidance of higher-order supermodes, it seems realistic to
maintain single-mode operation through gain suppression of the
higher-order modes. On the other hand, thermo-optic couplings
between fundamental supermodes are found to be quite strong.
I. INTRODUCTION
L arge-core Yb-doped fiber amplifiers are central compo-nents in fiber-based high-power laser systems, which
are becoming increasingly important in a range of industrial
processing applications [1], [2]. Especially for short-pulsed
(nanosecond or shorter) lasers core area scaling is crucial to
suppress detrimental effects of Raman scattering and self-
phase modulation. The use of very large cores makes it
difficult to maintain single-mode operation, especially because
excess heat from the amplification process generates additional
refractive-index gradients around the core through the thermo-
optic effect [3]–[5]. The presence of higher-order modes in
turn leads to limitations from dynamic thermo-optic instabili-
ties, which currently constitute the main limitation for power
scaling of short-pulsed fiber lasers [6]–[10].
A possible route to further power scaling is to incorporate
a number of amplifying cores in each fiber [11]–[13]. The in-
dividual cores may then be kept sufficiently small to maintain
single-mode guidance, whereas the total core area could in
principle be very large. The fiber as a whole will of course
still be multimode, but the coupling between different cores
can be reduced by increasing the core separation.
So far, most theoretical efforts on thermo-optic effects in
fiber amplifiers have been directed towards understanding
thermally induced mode profile changes [3]–[5], [14] and
F. Poli, A. Cucinotta and S. Selleri are with the Department of Engineering
and Architecture, University of Parma, I-43124 Parma, Italy, e-mail: feder-
ica.poli@unipr.it.
J. Lægsgaard is with DTU Fotonik, Department of Photonics Engineering,
Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark.
Copyright c© 2015 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending a request to pubs-permissions@ieee.org.
mode couplings [6]–[10], [15], [16] in single-core amplifiers.
Thermo-optic mode couplings in a dual-core fiber were re-
cently investigated numerically [17], but considering only the
fundamental modes guided in the absence of a thermal load,
and without taking thermal mode deformations into account.
Clearly, there is an immediate need to assess the validity of
such an approach by studying the influence of static heat loads
on the eigenmodes of dual- and multi-core amplifiers.
While the modal properties of a passive array of cores
are well understood, limited research into thermo-optic per-
turbations of such modes has been performed until now [18].
Several pertinent questions need to be answered for optimizing
fiber design. How will the thermo-optic effects influence
coupling lengths? What will be the impact of power asym-
metries between cores? Will the coupling strength between
the cores influence the effective area shrinking due to thermal
effects? Will the thermal load lead to guidance of higher-order
modes, and will such modes be problematic with respect to
amplification or thermo-optic instabilities?
The present paper aims to provide some answers to these
questions through numerical simulation studies of the simplest
possible multicore fiber, namely the dual-core fiber. We will
consider a structure with intrinsically single-mode cores, and
study the evolution of the fundamental supermodes, as well
as the higher-order modes, as the heat load on the cores is
increased. It will be shown that thermo-optic effects increase
coupling lengths for large core separations, but decrease them
for close-lying cores. It is further demonstrated that both the
core center-to-center distance as well as the heat load strongly
impact the supermode effective areas. Moreover, it is shown
that higher-order modes may become guided through the
Fig. 1. (Left) Cross-section of the dual-core fiber analyzed for different center-
to-center distance d between two doped cores (yellow regions). The light-blue
ring is the air layer surrounding the inner cladding. (Right) Electric field
modulus distribution of fundamental even and odd SM for (top) d = 20 µm
and (bottom) d = 65 µm.
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Fig. 2. Coupling length Lc between fundamental even and odd SMs as a
function of distance d for dual-core fiber with different NA.
thermo-optic effect, however for increasing core separations,
there is a substantial gain suppression of these modes relative
to the fundamental modes, even at very large heat loads.
Finally, their thermo-optic couplings to the fundamental modes
are found to be about three times smaller than those calculated
in comparable single-core fibers.
II. MODELING OF DUAL-CORE FIBERS
The cross-section of the dual-core fiber considered for the
numerical analysis is shown in Fig. 1(left). Each of the Yb-
doped step-index cores, represented by the yellow regions,
have a diameter of 19 µm [12]. Two numerical aperture NA
values of 0.03 and 0.038 have been considered, corresponding
to V -parameter values of 1.73 and 2.20, respectively, at the
signal wavelength of 1032 nm. Thus only the fundamental-
mode (FM) even and odd Supermodes (SMs) are guided at
this wavelength, which we choose to consider since it is the
one experimentally used with the multicore fiber in [12]. The
distance d between the core centers has been varied from 20
µm to 65 µm, in order to investigate different optical coupling
regimes between the cores. A silica region, with diameter
of 200 µm and refractive index calculated according to the
Sellmeier equation [19], surrounded by a 10 µm wide air layer,
shown as the light-blue region in Fig. 1(left), act as the pump
cladding in the dual-core fiber, whose outer diameter is 340
µm.
SMs at 1032 nm in dual-core fibers with different d values
have been calculated with a full-vector modal solver based
on the Finite Element Method (FEM) [20]. The electric
field modulus distribution of fundamental even and odd SMs,
respectively, is reported in Fig. 1(right), from top to bottom,
for the fiber with d = 20 µm and with d = 65 µm. The
effect of the heat load generated by the quantum defect on the
guiding properties of even and odd SMs has been analyzed
using a FEM-based solver with an embedded thermal model
[14]. This method has been already successfully applied to
study the heating influence on guided modes and single-mode
regime of different kinds of large mode area photonic crystal
fibers with a single Yb-doped core [14]. The model has been
recently generalized to consider the generation of heat load in
Fig. 3. Coupling length Lc between fundamental even and odd SMs as a
function of heat load q for different distance d when (top) NA = 0.03 and
(bottom) NA = 0.038.
more than one Yb-doped region of a multi-core fiber cross-
section [18]. In the present analysis we apply it to the dual-
core fiber case. In particular, we consider a uniform heat load q
across each core, and quantify it in terms of its cross-sectional
integral, i.e. in units of W/m. Note also that the q value given
in the following is for a single core, so that the total heat
load on the fiber is two times larger. The steady-state heat
equation has been solved to calculate the temperature gradient
∆T on the dual-core fiber cross-section, taking into account
the silica thermal conductivity κ = 1.38 W/(m·K) and the
heat dissipation at the outer fiber edge with a convective heat
transfer coefficient h = 80 W/(m2·K). Due to the thermo-
optic effect, a refractive index change ∆n = η∆T , with η
= 1.16·10−5 K−1 the thermo-optic coefficient of silica, is
induced in the dual-core fiber cross-section [21]. In single-
core fibers the thermally-induced refractive index profile has
a parabolic shape in the core, with a maximum in the center,
and a logarithmic decay in the cladding [14]. The behaviour
of ∆n on multi-core fiber cross-section is more complex and
depends strictly on the number of cores and on their geometric
configuration [18]. In the present analysis the effect of the
thermally-induced ∆n on the coupling between fundamental
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Fig. 4. Temperature distribution on the dual-core fiber cross-section when q
= 10 W/m is applied in both cores, for (top) d = 25 µm, (center) d = 35 µm
and (bottom) d = 65 µm.
SMs, as well as on the dual-core fiber single-mode regime has
been investigated. In particular, the coupling length Lc =
pi
∆β
between fundamental even and odd SMs and their effective
area, and the overlap integral of both fundamental and higher-
order SMs on one of the doped core [22] have been calculated
for different heat load values in the range between 10 W/m
and 100 W/m.
III. RESULTS AND DISCUSSION
A. Fundamental supermode coupling
As shown in Fig. 2, the coupling length between funda-
mental even and odd SMs strongly depends on the distance
d for dual-core fibers with both the NA values considered
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Fig. 5. Thermally-induced refractive index change ∆n in the pump cladding
along the horizontal line crossing the core centers of dual-core fibers with
different d values when q = 10 W/m is applied in both cores.
in the analysis. For the lowest NA, Lc is as short as 0.66
cm when the cores are at the closest distance d = 20 µm,
while it increases to 1.26 m as the core separation reaches
the maximum value of d = 65 µm. Notice that the effect of
the NA increase to 0.038 becomes significant only at large
core distance. In fact, for d = 65 µm the coupling length
difference reaches a maximum of 13 m, corresponding to a
tenfold increase of Lc when going from NA = 0.03 to NA
= 0.038. On the contrary, the Lc difference is negligible at
the shortest core separations. This demonstrates that, in the
latter condition, the coupling between the two fundamental
supermodes is so strong that it is not significantly affected by
the rise of the core refractive index, corresponding to the NA
increase.
When the heat load q is applied to both the cores, the
coupling length Lc for dual-core fibers with NA = 0.03 and
NA = 0.038 significantly changes, as shown in Fig. 3(top)
and (bottom), respectively. It is important to underline that
the thermal load effect is different according to the core
separation. In particular, when the distance d is short, that
is d ≤ 25 µm, Lc gets slightly shorter as q increases from
10 W/m to 100 W/m. For example, when d = 20 µm, Lc is
around 0.63 cm for q = 10 W/m and it becomes 0.48 cm
for the highest heat load value. In this condition, the two
cores are so close that the temperature increase due to the
heat load is significant also in the thin silica region between
them, as demonstrated by Fig. 4(top), where the temperature
distribution on the transverse section of the dual-core fiber with
d = 25 µm for q = 10 W/m is reported. As a consequence,
the refractive-index barrier between the cores is reduced and
the coupling between the two single-core waveguides becomes
even stronger. This is clearly shown by the thermally-induced
∆n in the pump cladding along the horizontal line crossing the
two core centers of the fiber with d = 25 µm, reported in Fig. 5
for an applied heat load of 10 W/m. In fact the ∆n maximum
along this direction, that is 0.0028670, is reached near to the
inner boundary of each core, around 8 µm far from the fiber
cross-section center, and not in the central position. Moreover,
0733-8724 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2018.2886047, Journal of
Lightwave Technology
4
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0  2  4  6  8  10
FM
 Γ
co
re
1
∆q (W/m)
55 µm
50 µm
40 µm
30 µm even SM
odd SM
Fig. 6. Overlap integral of fundamental even and odd SMs in core 1 as a
function of heat load difference ∆q, applied only to second core, for different
distance d values when q = 10 W/m and NA = 0.03.
in between the two cores ∆n reaches a minimum value, that is
0.0028647, which is only 2.3·10−6 lower than the maximum
one. Notice that the opposite behaviour is obtained for large
core-to-core distance, that is for d ≥ 40 µm. In this situation
the Lc increase with the applied q is higher as d becomes
wider. In fact the temperature increase due to the applied heat
load is significant mainly inside the boundary of each core, as
demonstrated by Fig. 4(bottom) for the fiber with d = 65 µm
when q = 10 W/m. Consequently, the effect of the thermally-
induced ∆n contributes to reduce the coupling between the
fundamental even and odd SMs. This is because the thermally
induced refractive-index increase in each core enhances mode
confinement, thereby reducing the mode overlap between
cores. As shown in Fig. 5 for q = 10 W/m, when the core
separation increases to d = 65 µm in the dual-core fiber,
the difference between ∆n maximum and minimum value
in the region between the cores increases to 1.4·10−5, being
the maximum position almost coincident with the core center.
This is still a relatively small perturbation compared to the
core-cladding refractive-index difference, which is ∼3·10−4
for NA = 0.03, and ∼5·10−4 for NA = 0.038. However, the
thermal gradients scale linearly with the heat load, and for q =
100 W/m the thermal index perturbations are thus comparable
in magnitude to the index variations of the cold fiber. As a
result, there are significant modifications of the mode profiles
at heat loads of this magnitude.
It is interesting to notice that an intermediate regime exists
for a distance d between 30 µm and 35 µm, where Lc is
almost unaffected by the heat load applied to the two doped
cores. In fact, as q increases from 10 W/m to 100 W/m, the
coupling length is reduced of 8.5% when d = 30 µm, starting
from a value of about 2.23 cm. In the same way, when d =
35 µm, only a 5% widening of the initial value of 4.12 cm is
obtained. The temperature distribution and the corresponding
thermally-induced∆n obtained for the dual-core fiber with d =
35 µm when the applied heat-load is q = 10 W/m are reported,
respectively, in the central panel of Fig. 4 and in Fig. 5. As
shown in Fig. 3(bottom), an analogous behavior is obtained
Fig. 7. Effective area of fundamental even and odd SM as a function of
distance d for q = 0, 10 and 100 W/m applied to each core when (top) NA
= 0.03 and (bottom) NA = 0.038.
for the dual-core fibers with the higher NA value. Notice that,
when d is between 30 µm and 35 µm, the absolute value of
the relative Lc change caused by the heat load increase up
to 100 W/m is still lower than 10%, being 2.9% and 9.4%,
respectively, for the core separation corresponding to the lower
and the upper edge of the range. The main difference with
respect to the dual-core fiber with NA = 0.03 is a general
increase of the coupling length between fundamental even and
odd SMs for a fixed value of the core distance. For example,
Lc higher than 1 m, which is a typical length for high-power
fiber amplifiers, is obtained when the core separation is 50 µm
for all the considered q values. On the contrary, it is necessary
to apply a heat load of at least 30 W/m in a fiber with d
= 60 µm to reach the same coupling condition if the lower
numerical aperture is considered. Finally, results reported in
Fig. 3 demonstrate that, for a certain heat load q, the influence
of the core center-to-center distance on the fundamental SM
coupling is more significant in the dual-core fiber with NA =
0.038, as shown in Fig. 2 in the absence of thermal effects.
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Fig. 8. Core overlap integral of fundamental even and odd SM as a function
of distance d for q = 10, 100 W/m applied to each core when (top) NA =
0.03 and (bottom) NA = 0.038.
B. Supermode coupling with asymmetric heat load
The strength of the coupling between the two Yb-doped
cores in the fiber amplifier can be evaluated also by analyzing
the effect on fundamental SMs of an asymmetry in the applied
heat load, represented by ∆q. This is relevant because it
may not always be possible in practice to ensure a perfectly
equal signal power into both cores. Also the onset of dy-
namic thermo-optic instabilities can lead to a power imbalance
between the cores. The resulting asymmetric refractive-index
perturbation can lead to a decoupling of the cores, with the
supermode profiles reverting to the guided-mode profiles of
the individual cores. We consider q and q + ∆q in the left
core (core 1) and in the right one (core 2) respectively, with
q = 10 W/m. The overlap integral Γcore1 of the fundamental
even and odd SM field on core 1 has been calculated as a
function of ∆q in the range 0 ÷ 10 W/m for fibers with
NA = 0.03 and different core separation, that is with d = 30,
40, 50 and 55 µm. As reported in Fig. 6, for large distance
between the two cores the asymmetry in the refractive index
profile, due to the heat load difference, significantly affects
the supermodes even at low ∆q. In fact, Γcore1, which has
almost the same value around 0.33 for both the SMs in the
Fig. 9. Fundamental SM electric field modulus distribution for d = 25 µm
and d = 40 µm obtained when q = 100 W/m is applied to each core, for (top)
NA = 0.03 and (bottom) NA = 0.038.
symmetric heat load situation, has a significant increase for
the odd supermode and, at the same time, becomes negligible
for the even one as ∆q increases. In particular, the condition
Γcore1 ≤ 0.05 for the even SM and Γcore1 ≥ 0.6 for the odd
one is obtained when ∆q ≥ 1.25 W/m and ∆q ≥ 0.75 W/m
for d = 50 µm and 55 µm, respectively. This means that, as∆q
increases, the even and odd SMs are replaced by the single-
core eigenmodes, localized in the separate cores. Notice that
the same effect is reached in the fiber with 40 µm core-to-
core distance for a higher ∆q value, that is around 4 W/m.
Finally, results demonstrate that for the dual-core fiber with
d = 30 µm the coupling between the cores is so strong that,
even by doubling the applied heat load to core 2, it is still
possible to identify SMs rather than single-core eigenmodes.
In this situation, that is for ∆q = 10 W/m, Γcore1 is 0.13 and
0.53 for the fundamental even and odd SM, respectively.
C. Effective area
Thermal effects have a remarkable impact also on the guided
mode effective area Aeff , which shrinks as the heat load
increases [14]. This can negatively affect the threshold of
nonlinear effects, thus reducing the advantages provided by
multicore fiber designs. As a consequence, it is important to
evaluate the Aeff behaviour for the fundamental even and odd
SM of the dual-core fibers as a function of the heat load q
by taking into account different d values, which correspond to
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Fig. 10. Maximum core overlap integral of first higher-order SM as a function
of distance d for q = 100 W/m applied to each core when (top) NA = 0.03
and (bottom) NA = 0.038. Insets: electric field modulus distribution of the
considered HOM.
different coupling strengths between the two cores. Fig. 7(top)
shows the effective area obtained for the fundamental SMs of
the two-core fibers with NA = 0.03 when no heat load is
applied and when q = 10 W/m and 100 W/m. Notice that, as
expected looking at the field distributions, the odd SM Aeff
is lower than the even supermode one for all the considered
d values, except for d = 20 µm, in the absence of thermal
effects. Moreover, the difference between the Aeff values of
the two SMs decreases as the core center-to-center distance
enlarges, showing a convergence towards twice the effective
area value of the FM of the single-core fiber with the same
NA, that is 547 µm2. It is interesting to underline that the
even SM Aeff is lower than the single-core fiber limit when
the distance between the cores is reduced, that is for d = 20
µm and 25 µm. In particular, the effective area of the even
SM has a significant increase for d in the range between 20
µm and 35 µm, reaching a maximum value of 1148 µm2,
then it slowly decreases, when the distance between the cores
becomes wider. A similar Aeff behaviour is obtained when the
heat load is applied to both the cores. In particular, the curves
of the even and odd SM effective area converge to twice the
value obtained for the FM of the single-core fiber when the
same q is considered. Notice also that the maximum value
of the even SM effective area becomes lower as q increases,
being 1100 µm2 and 868 µm2 for d = 35 µm when q = 10
W/m and 100 W/m, respectively. Moreover, as the heat load
becomes higher, the difference between the Aeff values of
the two fundamental supermodes vanishes for a smaller core
separation. For example, when q = 100 W/m, the difference
becomes negligible for d = 55 µm. Results of the effective
area calculations for the dual-core fibers with NA = 0.038
are shown in Fig. 7(bottom). It is important to underline that,
as expected, lower Aeff values are obtained for all d values,
with and without thermal effects, with respect to the analogous
fibers with NA = 0.03, due to the stronger field confinement in
the core. If the heat load is applied to the doped fiber cores, an
effective area decrease is obtained for both the fundamental
SMs, which is lower that the one caused by q in the fibers
with NA = 0.03. In particular, the maximum Aeff of the
even SM, which is 776 µm2 for d = 30 µm without heat
load, becomes 764 µm2 and 679 µm2 when q = 10 W/m and
100 W/m, respectively. Finally, in the dual-core fibers with
higher NA the difference between the fundamental SM Aeff
values becomes negligible for a core center-to-center distance
around 50 µm and 45 µm for an applied heat load of 10 W/m
and 100 W/m, respectively. In summary, results demonstrate
that the NA increase gives the same qualitative effects on the
effective area, that is a decrease and an early convergence of
the even and odd SM values, obtained when the heat load q
becomes higher, since the thermal load effectively increases
the dual-core fiber NA.
D. Single-mode regime
The thermally-induced refractive index change, generated
in the doped core as a side effect of the optical amplification
process, has a potentially significant impact on the single-
mode properties of the fiber, by favoring the confinement also
of the first Higher-Order Mode (HOM) [14]. As it has been
demonstrated for single-core fiber amplifiers, the interaction
of the HOM with the fundamental mode can lead to the
detrimental phenomenon of transverse mode instability [6],
[7], [15], [16]. In the present analysis the effect of the heat
load q on the single-mode regime of dual-core fibers has
been studied by calculating the overlap integral Γcore1 for
fundamental and higher-order even and odd supermodes.
Fig. 8(top) shows Γcore1 values for the fundamental SMs
as a function of the core separation in the dual-core fiber with
NA = 0.03 when q = 10 W/m and 100 W/m. As expected,
the overlap integral is higher when the heat load increases,
due to the stronger field confinement in the doped core. Notice
that, for the highest applied q, Γcore1 of the fundamental odd
SM is greater than that of the even mode, regardless of the
core separation. This is due to the different field distribution
of the two modes, especially in the silica region between the
cores. As demonstrated by Fig. 9(top), the field intensity in this
area is significant for the even SM, especially at small core
separation, while being almost zero for the odd mode. The
difference between Γcore1 values of the two fundamental SMs
is maximal for the fiber with d = 30 µm and d = 25 µm for q
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Fig. 11. Thermo-optic mode-coupling coefficients for NA=0.038 dual-core
and single-core fibers at a total heat load of 200 W/m.
= 10 W/m and q = 100 W/m, respectively, and it vanishes as d
becomes larger. Results reported in Fig. 8(bottom) demonstrate
that the Γcore1 behaviour is similar, with slightly higher values
for both the considered heat loads, for the dual-core fibers
with NA = 0.038. As expected, Fig. 9(bottom) shows that the
electric field modulus of both the fundamental SMs is more
tightly confined in the core due to the NA increase from 0.03
to 0.038.
The first group of higher-order supermodes in the dual-
core fiber consists of four spatial mode distributions, or eight
modes in total when different polarizations are counted as
well [23]. In Fig. 10(top) Γcore1 values for fibers with NA =
0.03, obtained for q = 100 W/m, are reported as a function
of the core separation for the mode with the highest core
overlap integral. It is important to underline that the highest
heat load provides the best situation for the higher-order
supermode propagation and thus the worst one for maintaining
the dual-core fiber single-mode behaviour. As shown by the
field distribution insets, the higher-order supermode with the
tighter confinement in the doped core is the even one with
modal field aligned with the horizontal axis for d between 20
µm and 30 µm, and the odd one with horizontally aligned
field when the core separation becomes wider. Notice that the
higher-order SM Γcore1 decreases from 0.25 to 0.12 as the
core-to-core distance increases from d = 20 µm and d = 65 µm.
On the contrary, the overlap integral of the fundamental even
SM obtained with the same applied heat load is less affected
by the distance d between the cores, being 0.39 and 0.375
for the fiber with the lowest and the highest core separation,
respectively, as shown in Fig. 8(top). As a consequence, the
difference between fundamental and higher-order SM Γcore1
is lower for fibers with low d values and becomes higher as
the distance between the two Yb-doped cores increases, being
0.14 and 0.255 for d = 20 µm to d = 65 µm, respectively.
When the NA of the dual-core fibers increases to 0.038, the
maximum overlap integral of the higher-order SMs becomes
higher, as shown in Fig. 10(bottom), being 0.32 and 0.21 for
d = 20 µm to d = 65 µm, respectively. Notice that, according
to the results reported in Fig. 8(bottom), the Γcore1 difference
with respect to the fundamental even SM slightly decreases to
0.096 and 0.206. Finally, differently from the case of lower
NA dual-core fibers, the higher-order even supermode with
horizontally aligned field has the greatest Γcore1 value only
for d ≤ 25 µm. Moreover, the higher-order odd SM with
field aligned with the vertical axis is the one with the highest
confinement in the doped core for the dual-core fiber with
largest d.
Due to the symmetry of the dual-core structure, the total
overlap with the Yb-doped regions is two times Γcore1. For
NA = 0.03 the differential overlap between fundamental and
HOM supermodes is then always larger than 0.3 [24], [25]
for d ≥ 30 µm, while for NA=0.038 the same can be said
for d ≥ 35 µm. Such a differential overlap would usually
be adequate for gain suppression of the HOMs except for
very special circumstances. It should be noted that q = 100
W/m, which implies a total heat load of 200 W/m, is a very
high value. The quantum defect of Yb is typically less than
10% for 976 nm pumping, and is only 5.7% for the signal
wavelength of 1032 nm considered here. A heat load of 200
W/m thus corresponds to the extraction of several kW per
meter, which is a somewhat exceptional situation for present-
day amplifier configurations. The existence of a substantial
differential gain disfavoring the HOM supermodes even at
such a high thermal load gives confidence that the HOM gain
will also be suppressed at more realistic q values.
E. Thermo-optic interactions
Apart from gain overlap integrals, the importance of higher-
order modes can also be quantified through their thermo-
optic coupling to the fundamental supermodes. A convenient
formal framework for this has been provided by Hansen et al.
[15], who in a perturbative coupled-mode formalism related
mode coupling between modes m and n to four-field overlap
integrals of the form
χmnmn(Ω) =
ηk0
κn0
(
λs
λp
− 1
)
Im
[∫
dr⊥Ψm(r⊥)Ψn(r⊥)
∫
d
dr′⊥G(r⊥, r
′
⊥,Ω)Ψm(r
′
⊥)Ψn(r
′
⊥)
]
. (1)
Here λs, λp are signal and pump wavelengths, n0 is the
silica refractive index and k0 is the vacuum wave vector of
the signal. The Greens function G(r⊥, r
′
⊥
,Ω) describes the
temperature change at transverse coordinate r⊥ arising from a
steady-periodic heat load at r′
⊥
with angular frequency Ω. The
d subscript on the r′
⊥
integral indicates that this integral is only
taken over the doped core regions where heat is generated.
Ψm and Ψn are the (scalar) transverse profiles of the two
coupled modes. When the χ(Ω) function between two modes
is known, the power fraction ξ transferred to the higher-order
mode through the thermo-optic nonlinearity can be estimated
as in [15].
In Fig. 11 χ functions between different modes in a dual-
core amplifier are plotted. Modes 1 and 2 are the fundamental
even and odd supermodes, whereas mode 3 is the higher-order
mode with the largest core overlap at a total heat load of
200 W/m. For comparison, the χ function for LP01 and LP11
modes in a single-core Step-Index Fiber (SIF) is also shown. In
this case mode 1 is LP01 and mode 2 is LP11. It can be noted
that the thermo-optic mode coupling between the dual-core
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supermodes is considerably stronger than the mode coupling
in a single-core amplifier. On the other hand, the coupling
between the even fundamental supermode and the higher-order
mode in the dual-core amplifier is about 3 times smaller than
the single-core LP01-LP11 couplings, and 6-7 times smaller
than the coupling between fundamental supermodes.
It may seem surprising that the peak values of χ1212
increases with increasing d, but one should remember that
it represents coupling of delocalized supermodes. To a good
approximation we can write
Ψ1(r⊥) =
1√
2
[Ψ01(r⊥ − rl) + Ψ01(r⊥ − rr)] (2)
Ψ2(r⊥) =
1√
2
[Ψ01(r⊥ − rl)− Ψ01(r⊥ − rr)] (3)
where Ψ01 is the scalar profile of a single-core fundamental
mode, and rl,r are the transverse positions of the left and
right cores. Inserting Eqs. (2), (3) into Eq. (1), and using the
symmetry of the structure, we derive
χ1212(Ω) =
ηk0
2κn0
(
λs
λp
− 1
)
Im
[∫
dr⊥ | Ψ01(r⊥) |2∫
r′<rd
dr′
⊥
G(r⊥, r
′
⊥
,Ω) | Ψ01(r′⊥) |2 −∫
dr⊥ | Ψ01(r⊥ −R) |2∫
r′<rd
dr′
⊥
G(r⊥, r
′
⊥
,Ω) | Ψ01(r′⊥) |2
]
(4)
where R is the vector separating the two core centers, and
rd is the core doping radius. The first term represent thermo-
optic couplings inside a single core, the second term represents
couplings between the cores, i.e. the influence of a thermal
load in one core on the temperature change in the other. As
the core separation increases, the second term decays, but the
first is constant, and the total coupling increases. A more
intuitive explanation is the following: χ1212 describes how
an asymmetric heat load (arising from the odd symmetry of
the product Ψ1Ψ2) leads to an asymmetric index distribution
coupling the even and odd supermodes. If the cores are widely
separated, an increased heat load in one core is primarily felt
in this core, whereas for closely-spaced cores it is also felt
in the other core. Therefore the asymmetric (odd) part of the
index perturbation is stronger for widely separated cores.
The nonlinear mode coupling between the fundamental
supermodes Ψ1, Ψ2 was recently studied numerically [17]. It
was argued that the χ1212 coefficient controls the magnitude
of mode couplings and instabilities for closely spaced cores.
However, for widely separated cores a more elaborate analysis
is needed, and eventually the coupling vanishes even if χ1212
remains large. This was shown to be crucially dependent on the
vanishing of∆β, the propagation-constant difference, between
even and odd supermodes, as d becomes large. Couplings
between the fundamental supermodes depicted in Fig. 9 and
higher-order supermodes like the ones depicted in Fig. 10 have
so far not been studied by nonlinear simulations. However, for
this case the propagation-constant difference will remain finite
even as the core separation tends to infinity. From the analysis
of [17] it is therefore reasonable to suppose that this coupling
can be adequately quantified by χ1313 and should therefore be
strongly reduced compared to mode couplings in a multimode
step-index fiber.
IV. CONCLUSION
In conclusion, the impact of thermally induced refractive-
index changes on the eigenmodes of a dual-core fiber amplifier
has been studied through numerical simulations. For large core
separations, a thermal load in the cores leads to an increase
in the coupling lengths, or in other words, a weakening of
power transfer between the cores. On the other hand, for
closely spaced cores, the heat load leads to a slight decrease
of coupling lengths, and for core separations of 30-35 µm,
the coupling length has very little variation with heat load.
An asymmetric heat load generally leads to decoupling of
the cores, in the sense that the symmetric and antisymmetric
supermodes found for a symmetric heat load gradually turn
into modes localized around one of the cores. The magnitude
of the asymmetry needed for decoupling varies from ∼1 W/m
for a core separation of 55 µm to >10 W/m for a separation of
30 µm. The core center-to-center distance, which determines
the coupling strength between the cores, has an important
impact also on the fundamental supermode effective area. In
particular, when the distance is around 20-25 µm, the coupling
is very strong and the effective area of both the supermodes
of the dual-core fiber is significantly lower than twice the
fundamental mode area of the corresponding single-core fiber.
As the core separation enlarges, there is a significant increase
of the even supermode effective area towards a maximum
value, reached when the core separation is around 30-35
µm, followed by a slow decrease to the single-core fiber
limit. When the heat load is applied to the doped cores, the
supermode effective area values decrease, as expected, but
the behaviour versus the core separation is almost unaffected
by thermal effects. Simulation results further demonstrate that
for strong heat loads, supermodes composed of higher-order
modes become guided, even though the individual cores of the
fiber are single-mode. However, the differential core overlap
between fundamental and higher-order supermodes is almost
always above 0.3, which will in most cases lead to efficient
suppression of the higher-order modes due to differential
gain. Furthermore, thermo-optic mode coupling coefficients
between fundamental and higher-order supermodes are found
to be about four times smaller than those calculated between
even and odd fundamental supermodes, and two times smaller
than those calculated between LP01 and LP11 modes in a step-
index fiber with the same NA and mode area as the dual-
core fiber. This implies, on the other hand, that thermo-optic
couplings between even and odd fundamental supermodes are
stronger than the couplings in the corresponding step-index
fiber, which can lead to strong power fluctuations between the
cores at relatively low average powers.
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